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We present a combined experimental and theoretical study of the transmission of single charged 1-keV Ar ions
through a cylindrical glass capillary of macroscopic dimensions. From quantitative measurements of the incom-
ing and transmitted ion currents, combined with a detailed analysis, the amount of beam entering the capillary
was determined. This, combined with the measured transmitted currents, was used to determine the amount
of charge deposited on the inner wall of the capillary which produces the guiding electric field. We show
experimental results for fully, and partially, discharged conditions of the time evolution of the guided beam
intensity following a wide range of times during which the capillary was allowed to discharge in order to provide
information about the insulating surface charging and discharging rates. Combining our recent theoretical
model describing the charge patch dynamics with these data, it is shown that the model is consistent with the
experimental transmission curve data measured after the capillary was allowed to discharge for times ranging
from 5 to 1000 s or longer and for injected currents that differed by a factor of 50. In contrast, models which do
not include a dynamic rearrangement of charge along the surface prior to decay were found to be inconsistent
with our experimental measurements. Additional data about the time dependences of the fraction of the injected
beam which is transmitted as a function of injected beam current when transmission through the capillary is
inhibited due to blocking are also presented. These data have a temporal dependence consistent with our model
predictions that blocking occurs when the total capillary charge, i.e., the capillary potential, reaches a certain
value.
DOI: 10.1103/PhysRevA.99.062704
I. INTRODUCTION
Guiding of charged particles through insulating capillaries
was first investigated by Stolterfoht et al. [1]. They found
that the incoming beam travels through the capillary with-
out charge exchange even when the tilt angle between the
beam and the capillary axis is large and the beam, according
to the geometry, must hit the inner wall of the capillary.
This indicates that the charged particles never contact the
inner surface in their entire motion and they are somehow
transported toward the exit of the capillary. This process
is called “guiding” in the literature. The accepted interpre-
tation as to why guiding occurs is that over time the in-
coming beam generates a self-organized buildup of charge
patches at various places on the capillary wall. These charge
patches act as Coulomb mirrors which lead to elastic re-
flections from the wall such that a portion of the incom-
ing beam can be efficiently transported through the entire
capillary. For keV ions, this reflection occurs at distances
sufficiently large to greatly minimize charge transfer or in-
elastic processes [1] whereas for MeV ions and electrons
considerable energy loss can occur [2–4]. For both ions and
electrons, guiding with ever diminishing efficiency has been
observed for capillaries where the axis has been tilted by
several degrees with respect to the incoming beam direction
[1,4,5].
Guiding has been studied using insulating foils like
polyethylene-terephthalate (PET) [6,7], using solids such as
silicon dioxide (SiO2) [8] and aluminum oxide (Al2O3) [9,10],
in nanocapillaries with aspect ratios around 100, and in
straight plus tapered glass capillaries [11–17]. Bombarding
beams including highly and singly charged ions [1,2,18],
electrons [3–5,19], and even exotic particles [20,21] have
been proposed or tested. These studies have been summarized
in three review articles [22–24]. Simulations and theoretical
models of the charge buildup and particle transport through
capillaries are also outlined in these reviews. Giglio et al.
[14,25] has also modeled the guiding of low-energy ions.
Most recently, spurred by the data presented here, Giglio et al.
[26] extended the theory to the time evolution and dynamics
of the charge patch which is formed within the capillary as
ions are injected.
Since its discovery, charged particle guiding has been
of interest, in part to help understand the basic physics of
interactions between charged particles and insulating surfaces,
but also to investigate whether guiding can be exploited in
other areas of research. For example, because guiding can pro-
vide an efficient means of beam transport without significant
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alteration of the beam energy or charge state and without the
necessity of applying any external electric or magnetic fields,
possible applications range from enhancement of the flux den-
sity of exotic particle beams [21], to a method of generating
microbeams [27–29], to a way to improve spectroscopic or
imaging studies [30–33]. There are also various microbiologi-
cal applications [34]. A possible medical application would be
to use guiding for charged particle radiotherapy by injecting
particles directly into tumor cells, with minimal damage to
surrounding tissue.
In previous investigations of charged particle guiding, in-
formation about the amount of beam injected into the capillary
and thereby the amount of the deposited charge on the inner
wall of the capillary generating the guiding electric field is
generally not known or is only estimated using information
and/or estimates about capillary diameters and densities. This
means that the transmission efficiency can only be estimated
and, except for a single study by Giglio et al. [25], information
about the actual capillary charge is not available. The present
paper was designed to fill this void by studying the transmis-
sion of slow single charged 1-keV Ar ions through a macro-
scopic glass capillary. Here, the amount of injected charge
is determined from measured currents. Of equal importance,
measurements performed after allowing the the capillary to
discharge for a wide range of times provide information about
the rates for discharging the capillary. This information is
used to test the recent model of Giglio et al. [26], which
attributes the guiding properties to the electric field produced
by the dynamic behavior of the charge patches produced
on the interior of the capillary when charged particles are
injected. We show that applying this model to data measured
for a wide range of discharge conditions and injected currents
compresses all the measured data to a single curve of the
guiding probability as a function of patch charge.
Details of the theoretical model are provided in Sec. II.
Section II A presents the assumptions of our model. In
Sec. II B, we deduce from the model analytical expressions
of the time evolution of the guiding electric field and ac-
cumulated charge as pertaining to charge guiding for the
present experimental geometry. We show how the charge
deposition for guiding differs from the total charge deposited
to the capillary, which is important for blocking of the guided
beam. Section II C discusses the simulations and explains why
secondary electrons (SEs) are vital for describing the charge
guiding in glass tubes at higher beam intensities. Section III
provides information about the experimental setup and how
the injected and deposited charges were experimentally deter-
mined. This is followed by time evolution curves which, when
combined with our theoretical model, are shown to yield a
“universal guiding curve” as a function of deposited charge.
Blocking of the guided ions is also investigated. General
comments and observations are given in Sec. IV.
II. THEORETICAL MODEL AND SIMULATIONS
A. Assumptions of the model
We summarize in the following our model that describes
the dynamics of the deposited charge in the insulating capil-
lary. We consider a cylindrical capillary of dielectric constant
εr , of length H, and of inner and outer radii R1 and R2. The
entrance, exit, and outer surface are electrically grounded.
We assume that charge accumulates only at the inner surface
and not in the bulk and can thus be represented by a surface
charge density σ . A justification of this assumption and its
consequences can be found in [26]. The dynamics of the
surface charge density at the inner interface is eventually given
by the surface continuity equation:
∂σ (s1, t )
∂t
= −κbEr (s1, t ) − ∂
∂z
[κs Ez(s1, t )]
− 1
R1
∂
∂θ
[κs Eθ (s1, t )] + Iinjγ (s1, t ), (1)
where all quantities are taken at the inner surface, s1 =
(R1, θ, z). The first right-hand term, which is proportional to
the bulk conductivity κb, stands for the mobile charge carriers
that are driven from the inner to the grounded outer surface
by the radial component Er of the electric field. The second
and third right-hand terms account for surface currents and
are proportional to the surface conductivity κs. They stand for
the charge carriers that are field driven at the inner interface,
respectively, along the symmetry axis by the tangential field
Ez and along the angular direction by the tangential field
Eθ . A detailed description of the boundary conditions used
for the evaluation of the electric field is discussed in [26].
The last term represents the deposited charge per unit time
and area and is proportional to the injected beam current
Iinj. Integrating this term over the inner surface yields the
deposited charge per unit time, Iinj
∫
S1 γ (s1, t )d2s1 = qdep(t ),
where the distribution γ (s1, t ) stands for the number of holes
and electrons that are deposited at the inner insulating surface
for each impacting ion.
Based on this model, we developed a numerical code,
called InCa4D, which simulates ion trajectories through a
cylindrical symmetric capillary. Short overviews about the
numerical code are presented in [14,35], where InCa4D was
used to demonstrate the ability of insulating conical capillaries
to focus the injected ions beam. For this paper, we updated our
numerical code so as to take also into account SEs generated
at the inner capillary wall by ion impacts. The numerical code
assumes that each Ar+ ion that hits the inner surface injects Nh
holes at the impact point, which are immediately trapped by
hole centers at the inner surface. Of the Nh electrons that are
emitted from the impact point, one is picked up by the impact-
ing Ar+ projectile, while NSE = Nh − 1 secondary electrons
are emitted with a cosine angular distribution and propagated
through the capillary until they hit the inner surface and are
absorbed at the new impact point. The ejected SEs have an
energy distributed according to a Poisson-like distribution
peaked at 2 eV. We show in Sec. II C that the SEs tend to
smear out the injected charge patches, which was found vital
for explaining the observed transmission data of Sec. III D.
B. Theoretical estimation of the relaxation rates
For the interpretation of the experimental data presented
in Secs. III D–III F, Eq. (1) is used to provide analytical
expressions that give the charge relaxation rate of a deposited
charge patch at the inner wall or give the time evolution of
guiding electric field or total charge in the capillary. In [26],
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a general solution of the time evolution of a charge patch was
deduced from the continuity equation (1) in the case of a glass
tube, with the entrance, outer surface, and exit grounded. We
summarize here briefly the findings of the analyses presented
in [26] and give fitting functions that are suitable for analyzing
the experimental data found in Sec. III.
The solution of (1) may be given as a linear combination
of surface charge multipoles of angular mode m and wave
number of index n:
σ (θ, z, t ) =
∑
m  0
n > 0
σm,n(t ) cos (mθ ) sin
(nπ
H
z
)
. (2)
The fact that in our experimental setup the exit is not grounded
does not change significantly the following analyses and could
be accounted for by simply replacing the sum over integer n
by an integral. Each multipole σm,n(t ) satisfies a first-order
differential equation, the solution of which is given by
σm,n(t ) = σm,n(0) exp(−t/τm,n)
+ Iinj
∫ t
0
γm,n(t ′) exp[(t ′ − t )/τm,n]dt ′ (3)
with γm,n(t ) being the multipole moment of the injected
charge distribution per unit area and time and (τm,n)−1 the
charge relaxation rate of the multipole σm,n(t ), obtained as the
weighted sum of the bulk τ−1b = κbεrε0 and surface relaxation
rate τ−1s = κsε0R1 :
1
τm,n
= bm,n
τb
+ cm,n
τs
. (4)
Note that each moment σm,n(t ) has its own charge relax-
ation rate. The coefficients bm,n and cm,n depend only on
the dimensions of the cylindrical capillary (R1, R2, H ) and
on the dielectric constant εr and contain thus the boundary
conditions of the problem. For the capillary in question, the
values of the coefficients bm,n and cm,n are given in [26] for a
large range of angular mode m and wave number of index n.
In the special case where γm,n(t ) can be considered inde-
pendent of time, Eq. (3) simplifies to
σm,n(t ) = σm,n(0) exp(−t/τm,n)
+ Iinj γm,nτm,n
[
1 − exp
(
− t
τm,n
)]
, (5a)
which asymptotically yields
σm,n(t → ∞) = Iinj γm,nτm,n. (5b)
We will now apply these findings to our case, where the
injected beam is tilted by β = 5◦ with respect to the symmetry
axis and has a diameter equal to the entrance diameter of
the capillary. We assume that the deposited charge patch is
already well described using a multipole expansion (2) limited
to n  HR1 sin β  N and m  2. For a glass tube having the
dimension of the one used in our experiment, we get for the
integer N = 12. As shown in [26], the coefficients bm2,nN
and c1 m2,nN vary by less than 3% for n  N, and can thus
be assumed constant, so that
b0,nN  1,
b1,nN  0.82, c1,nN  0.17,
b2,nN  0.81, c2,nN  0.34. (6a)
The “surface” coefficients for m = 0 are all very small com-
pared to unity, c0,nN < 0.02  1, meaning that the surface
term contributes only to a minor extent to the total relaxation
rate of the monopole mode m = 0 and may be neglected here.
As a result, we can define a total relaxation rate 1
τm
 1
τm,nN
for
each angular mode m  2, which is independent of the wave
number n  N :
1
τ0
= 1
τb
,
1
τ1
= 0.82
τb
+ 0.17
τs
,
1
τ2
= 0.81
τb
+ 0.34
τs
. (6b)
Having found the total relaxation rates for the first three
angular moments, we can calculate the time evolution of
the “guiding” electric field generated by a single deposited
charge patch. The electric field can be deduced from (3) using
the jump condition of the electric field through the interface
separating two dielectric media. We are particularly interested
in the time evolution of the field in the absence of an injected
beam (γm,n = 0), but after a preliminary precharging stage
(σm,n(0) 	= 0). The time evolution of the normal component
of the electric field near the inner surface generated by a
charge patch located at sp can be expressed as a sum of
independent exponential functions, each corresponding to a
different angular mode. Limiting the expansion to the first
three angular moments yields
Er (sp, t )  E0(sp) exp
(
− t
τ0
)
+ E1(sp) exp
(
− t
τ1
)
+ E2(sp) exp
(
− t
τ2
)
. (7)
The amplitudes Em2 are defined in [26] and are free param-
eters of the fitting function. Usually, the monopole amplitude
E0 is an order of magnitude smaller than the higher multipoles
and can be neglected in the analysis. Expression (7) will be
used for the analyses of the experimental data in Secs. III D.
In the following, we will evaluate the time evolution of the
charge Qpatch(t ) of a single charge patch as well as that of
the total charge Qtotal(t ) accumulated in the capillary. These
will be used to analyze the experimental data in Secs. III E
and III F. We define the “charge” of the patch Qpatch as the
amount of charge accumulated on the small area S of the
inner surface where most of the injected charge is expected to
be deposited. S corresponds to a surface of arc length πR1/2
and length d of a cylindrical surface, as illustrated in Fig. 1.
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FIG. 1. Scheme of the patch area.
We can now determine the time evolution of charge Qpatch
by integrating the surface charge distribution over S:
Qpatch(t ) 
2∑
m=0
N∑
n=1
∫ d
0
dz
∫ π
4
− π4
σm,n(t ) sin (knz) cos (m θ )dθ.
(8)
The integration of (8) yields a sum of three charge moments,
each with its associated relaxation rate and source term:
Qpatch(t ) =
2∑
m=0
qm(0) exp (−t/τm)
+ Iinj
∫ t
0
m
(
t ′
)
exp[(t ′ − t )/τm]dt ′. (9)
The definitions of the initial charge moments qm2(0)
of the patch and charge injection distribution per unit time
m2(t ) are given for completeness, with w0 = π2 , w1 =√
2, and w2 = 1:
qm(0) = wmR1H
N∑
n=1
1 − cos (nπd/H )
nπ
σm,n(0) m = 0, 1, 2,
(10a)
m(t ) = wmR1H
N∑
n=1
1 − cos (nπd/H )
nπ
γm,n(t ) m = 0, 1, 2.
(10b)
From (9) we see that in addition to the bulk channel the
charge of the patch decays also via the two surface channels
(along the angular and axial direction), because it flows out of
the integration area. The initial charge of the patch is given by
the sum of the three initial charge moments:
Qpatch(0)  q0(d, 0) + q1(d, 0) + q2(d, 0). (11)
Equation (9) will be used to estimate the amount of charge
accumulated on surface area S. The decay of the total
charge Qtotal(t ) of the capillary is determined by integrating
(3) over the whole inner surface S1. A general expression of
the decay of the total charge is given in [26]. We give here
an approximate expression that ignores the decay of the small
portion of the charge located close to the grounded extremities
of the capillary. Note that only the monopole term (m = 0)
contributes to the total charge:
Qtotal(t )  Qtotal(0) exp
[
−t
(
1
τb
)]
+
∫ t
0
Idep(t ′) exp
[
(t ′ − t )
(
1
τb
)]
dt ′ (12)
with Idep(t ) = Iinj 2π 0(t ) being the deposited charge per unit
time.
C. Simulations and discussion
The trajectories of the injected Ar+ and of the emitted
SE are calculated by integrating the classical equation of
motion, with the electric field being evaluated along the tra-
jectory. The latter is deduced from the time-dependent surface
charge distribution which evolves via (1). The beam has a
kinetic energy of 1 keV and is tilted by 5° with respect to
the symmetry axis. The initial position and velocities of the
projectiles are sampled such as to produce a spatially uniform
beam with a divergence of 0.15-deg half-opening angle and
a root-mean-square (rms) emittance [36] of 0.3 mm mrad.
The initial conditions of the SE were outlined in Sec. II A.
The dimensions of the capillary in our simulations correspond
to those used in our experimental setup, with H = 43 mm,
R1 = 0.29 mm, and R2 = 2.75 mm. The dielectric constant of
the borosilicate capillary is εr = 4.6.
Our model has two free parameters, namely, the bulk and
surface conductivities. We took for the bulk conductivity of
borosilicate at room temperature the typical value of κb =
1.5 × 10−15 S/cm [13,37], yielding a characteristic bulk de-
pletion time of τb = ε0εrκb  270 s. The surface conductivity
in borosilicate is not a well-known quantity and depends
strongly on any adsorbed impurities. At room temperature,
it is typically less than 10−15 S in dry environment. From
the experimental data shown later in Fig. 7, we see that a
nonzero transmission is found for injected intensities as low
as Iinj = 0.28 pA. For such low intensities, only one charge
patch is formed close to the entrance and the transmission
fraction stabilizes asymptotically to about 1%. We will use
this information to determine the surface conductivity in our
simulations. Assuming that mainly the dipole angular moment
(m = 1) of the charge distribution of the patch contributes
to deflect the incoming beam, we deduce from (5b) that, in
the asymptotic regime, the strength of the deflecting electric
field is proportional to the factor Iinjτ1. Here, τ1 is the charge
relaxation time of the dipole angular moment, which depends
on the bulk and surface conductivity via Eq. (6b). So, for a
given injected current Iinj, decreasing τ1 would decrease the
strength of the deflecting electric fields. This sets a lower
limit to the charge relaxation time, τ1, or alternatively using
(6b) a higher limit to the surface conductivity κs. We found
from our simulations, by varying the surface conductivity,
that κs must be no larger than 5 × 10−16 S if 1% transmis-
sion should be observed for Iinj = 0.28 pA. Simulations also
showed that taking κs = 3 × 10−16 S yields a transmission
fraction which is too high compared to the observed one.
Thus we deduce from our simulation that 3 × 10−16 < κs <
5 × 10−16 S. Consequently, we used κs = 5 × 10−16 S,
which is in approximate agreement with the measured surface
062704-4
CHARGE DEPOSITION, REDISTRIBUTION, AND DECAY … PHYSICAL REVIEW A 99, 062704 (2019)
FIG. 2. Simulated transmitted fraction of a 12-pA Ar+ beam
through the 5° tilted capillary tube as a function of time. The
green curve stands for the simulation without secondary electrons
(NSE = 0). The red and black curves stand for the simulations with,
respectively, one and two secondary electrons emitted per ion impact.
conductivities of Pyrex borosilicate glass [13,37]. This yields
a surface relaxation time of τs = ε0R1κs = 5.2 s. By the use
of (6b), we see that the dipole relaxation rate τ−11 = 0.82270 +
0.17
5.2 = 3.0 + 32.7 mHz is dominated by the surface channel.
Using these values, we simulated the time evolution of the
transmitted beam fraction for Iinj ranging from 0.28 to 50 pA.
When ignoring the secondary electron production (NSE = 0),
no stable transmission could be simulated for beam intensities
Iinj > 8 pA. We found that up to ten patches are formed
inside the capillary by a 12-pA beam, which results in an
unstable transmission that eventually stops (see green curve
labeled NSE = 0 in Fig. 2). This, however, conflicts with the
experimental data shown in Fig. 7, where a stable transmitted
fraction, for Iinj = 12 pA, is observed for at least 500 s. We
could not simply use a larger surface conductivity in our
simulations because a larger surface conductivity would lead
to zero ion transmission for Iinj = 0.28 pA, which, as said
before, conflicts with the observed experimental data.
To address this conflict, we updated our numerical model
to track the SE generated by ion impacts at the inner surface.
We expected the secondary electron emission to smear out
the charge patches and possibly avoid blocking of the trans-
mission at higher intensities. Most secondary electrons were
found to fall back to the emitting surface some hundreds of
micrometers away from the point at which they were emitted
(see Fig. 3). This helps to redistribute the charge of the patch
in a way that weakens the deflecting force of the patch, giving
rise to a lower number of patches (∼4) and eventually to a
stable transmission as seen in Fig. 2. The case NSE = 2 gives
the best agreement with our experimental data. With NSE = 2,
we were able to simulate a stable transmission for injected
current ranging from 0.26 to 50 pA.
Using NSE = 2, Fig. 3 shows snapshots of the charge
distribution and trajectories at various times for a 12-pA
injected beam. The simulation shows that a few seconds after
beam injection (upper panel of Fig. 3) three charge patches
have formed, two on the upper surface and one on the lower
surface. The electric fields from these patches are sufficient to
deflect the incoming beam and already a transmitted fraction
of 30% through the entire capillary is observed. There is also
an indication that an additional charge patch will soon be
formed on the lower surface near the exit of the capillary. The
middle panel shows that at a later time (11 s) the “guiding
electric fields” have caused the beam to interact closer to
the capillary entrance, thus producing a new charge patch
further downstream. Now, about 60% of the injected beam
is transmitted. After additional time (bottom panel), except
for the charge patch closer to the capillary entrance, the
previously formed patches are now weaker while a fairly
uniform charge layer has formed along the last quarter of
the capillary. This leads to a significant portion (80%) of
the injected beam being transmitted. All these features are in
qualitative agreement with various simulations that have been
performed to date. However, our current simulations provide
additional information and valuable insight into the guiding
process, since they also model and track the redistribution of
the charge deposited on the capillary surface. This redistri-
bution is seen by the intensities opposite the charge patches
formed where the beam impacts the surface. For example, in
the upper panel of Fig. 3, the beam interacts with the upper
surface at horizontal positions of approximately 2 and 30
mm and with the lower surface at 15 mm. However, in the
last panel of Fig. 3, our simulations show that some of the
charge patch produced on the upper or lower surface during
the first few seconds has moved along the circumference with
the result being less intense patches of charge on the opposite
surface at the same horizontal distances. This redistribution of
charge is most obvious near the capillary entrance. Thus, our
simulations imply that a portion of the deposited (or created)
charge rather quickly moves away from its original location
with much of it moving to the opposite side. This weakens the
electric field precisely in the regions which contribute to the
guiding process. Our model incorporates these features and, as
will be shown, is compatible with experimental data obtained
for a wide range of conditions.
III. EXPERIMENT
A. Apparatus
For the current guiding studies, a 43-mm-long borosilicate
glass capillary having inner and outer diameters, D1 and D2,
of 0.58 and 5.5 mm was used. The capillary was inserted in
an aluminum holder, mounted on an xyzθ positioner. In the
normal configuration, a conducting layer of aluminum tape
and silver paint with an opening matching the capillary inner
diameter covered the entrance surface of the capillary with the
exit surface left uncovered. To investigate if different paths
allowing charge flow to ground were important, some data
were also collected using a “reversed” configuration where
the entrance surface was uncovered and the exit surface,
although covered by the aluminum tape and silver paint,
was not in contact with the ground. Approximately 1 cm
upstream from the capillary entrance a movable plate with a
D0 = 1-mm-diameter aperture was used to collimate a beam
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FIG. 3. Snapshots of Ar+ trajectories (black lines), projected on the x axis, through the glass capillary at 4, 11, and 74 s after the beam
is injected. The injected intensity was 12 pA and the beam was tilted by 5° with respect to the capillary axis. The horizontal black lines at
x = ±0.29 mm show the inner capillary surfaces. Above and below the surface lines, the red curves show the intensity (arbitrary units) of the
positive charge patches at the inner surfaces. Note that for t = 74 s the amount of charge on the lower surface at the entrance is due to surface
charge relaxation along the angular direction. The blue dashed lines are the trajectories of secondary electrons emitted from the impact point.
Here we used NSE = 2.
of 1-keV Ar+ ions. By moving either the plate or the capillary
holder, the beam could be centered or scanned across the
entrance of the capillary. For higher intensity beams, the
current impacting the capillary entrance, Ihold, and the current
transmitted through the capillary, Itrans (see Fig. 4), were
recorded using the digitized outputs of electrometers and a
computer. For much lower beam intensities, the transmitted
beam was monitored via pulse counting using a channel-plate
detector. In this case the transmitted beam intensity was cal-
culated using information about the detection efficiency [38]
and the transmission through a grid across the channel-plate
entrance.
B. Injected and transmitted beam as a function of
beam-capillary overlap
When the collimating aperture is offset sufficiently such
that no beam enters the capillary, the current of the capillary-
FIG. 4. Schematic of the apparatus showing the input aperture,
the capillary and holder, the transmitted beam collection, plus the
various currents that are involved.
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holder system Ioffsethold consists of the positive ion-beam current
that passes through the aperture, Ibeam, plus the secondary
electron current produced by the beam hitting the capillary
front surface and/or the aluminum holder, Isec, minus any
secondary electrons produced upstream at the aperture or
beamline or in the residual gas (stray electrons) that are
absorbed by the holder, Istray (see Fig. 4). As the aperture
overlaps the capillary entrance, some of the incoming beam
is injected into the capillary, Iinject, which results in fewer
secondary electrons being produced at the capillary entrance,
I ′sec. In contrast, Istray is assumed independent of the holder
position (centered or offset). The amount of current that
is transmitted through the capillary is Itrans. The deposited
charge per unit time at the inner wall is the difference
between the injected and transmitted current, Idep = Iinject −
Itrans. These currents are shown schematically in Fig. 4. The
currents at the offset and centered positions of the capillary
are
Ioffsethold = Ibeam − Istray + Isec and Itrans = 0 offset position, (13a)
Icenteredhold = Ibeam − Istray − Itrans + I ′sec and Itrans > 0 centered positions. (13b)
Unfortunately, Eq. (13b) does not depend explicitly on the
injected current Iinject. Only Itrans appears in (13b) with Idep, the
current that is deposited in the capillary wall, being included
in Icenteredhold . But Iinject can be extracted from the measured
currents, that is, Ioffsethold , Icenteredhold , and Itrans. Assuming the beam
Ibeam to be spatially uniform, when the capillary is centered
on the input aperture, Iinject can be estimated from Ibeam by
considering the ratio between the geometrical areas of the
capillary entrance and the collimating aperture:
Iinject = D
2
1
D20
Ibeam = 0.34 Ibeam  13 Ibeam. (14)
Equations (13) can be used to determine Ibeam if Istray, Isec,
and I ′sec are known. For Isec and I ′sec, in the offset position,
the secondary electron yield is assumed to be proportional
to the beam current that passes through the aperture and hits
the aluminum holder, with the proportionality factor δ being
the average number of secondary electrons emitted per ion
impact:
Isec = δ Ibeam, (15)
For I ′sec, the injected current must be subtracted from the
beam current, so that
I ′sec = δ (Ibeam − Iinject )  23 Isec. (16)
By biasing and not biasing the aluminum plate used to
measure Itrans, we obtained a value for δ of 0.15 ± 0.1 which
is comparable to values quoted in the literature for slightly
oxidized aluminum [39].
Ispray is also assumed to be proportional to Ibeam:
Istray = ηIbeam. (17)
The factor η was determined by comparing the currents mea-
sured at the offset and centered positions when the collimating
aperture plate was biased by ± 9 V and comparing these
to currents measured when no bias was applied. These data
yielded η = 0.19 ± 0.05. We can now deduce from (13a) and
(13b) an expression for the beam current Ibeam as a function of
the measured currents:
Ibeam(1 − η) =
(
Icenteredhold + Itrans
) (3 − 2A), (18)
with A = I
offset
hold
Icenteredhold + Itrans
= 1 − η + δ
1 − η + 2δ/3 . (19)
As A can be expressed as a function of the measured
currents, determining Ibeam does not require knowing δ. Within
our assumptions, the right-hand term in (19) implies that A is
constant for all source currents. Indeed, for Ioffsethold ranging from
17 to 90 pA, our measurements confirmed that A is constant
and equal to 1.10 ± 0.05. On the other hand, using the esti-
mated values for η and δ yields A = 1.06 + 0.04. Taking the
mean value of A  1.08, combined with the uncertainty in η,
we obtain Ibeam = 1.06 ± 0.10 ( Icenteredhold + Itrans ). Finally, the
injected current is deduced from (14):
Iinject  0.36 ± 0.03
(
Icenteredhold + Itrans
)
. (20)
Expression (20) allows the determination of the injected
current during the transmission measurements given in the
sections below. Note that the ±9% uncertainty does not in-
clude uncertainties in the measured currents, Icenteredhold and Itrans,
which are assumed to be roughly 3% each. Thus, the overall
deposited charges from Eqs. (9) and (12) are expected to be
accurate with approximately ±15%.
We performed scans, where the capillary entrance was
moved across the 1-mm-diameter aperture. Examples are
shown in Fig. 5, where the yellow boxes illustrate the capillary
walls. The horizontal axis is the offset between the capillary
entrance and the input aperture where zero offset indicates
that the incoming beam is centered on the entrance of the
capillary. The left figure is for a capillary axis aligned with
the incoming beam while the right figure is for a capillary
rotated by 5◦. The inset in the left figure shows a schematic
picture of the collimated ion beam (blue) transmitted through
the collimating aperture and impacting the capillary entrance
and holder. The magenta regions illustrate secondary electrons
produced by the portion of the incoming beam that hits the
collimating aperture. Not shown is any secondary electron
emission produced by the incoming ion beam hitting the
capillary entrance.
The measured currents show a dip in Ihold, the filled blue
squares, and a peak in Itrans, the filled and open red circles.
The dip and peak are well fitted by a function giving the
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FIG. 5. The measured capillary and holder (blue squares) and transmitted (red circles) currents, Ihold and Itrans, as the capillary is scanned
across the beam collimating aperture for an aligned and rotated capillary (left and right figures). The black x’s show a straight line projection of
Ihold measured at the offset positions which are approximately the beam current. The horizontal black bars show the amount of current entering
the capillary, Iinject , which is determined as described in the text. For the rotated capillary, measured values as the beam is scanned in opposite
directions are shown.
geometrical overlap of the capillary entrance and the aperture
which falls by 50% for an offset of 0.5 mm. This confirms
that the profile of the beam has not varied significantly over a
distance of 0.5 mm from the beam axis, justifying our assump-
tion of a uniform beam. The black x’s show an interpolation of
Ioffsethold , which from Eqs. (13a), (15), and (17) is approximately
the incoming beam intensity, Ibeam. We see that as the beam
is injected into the capillary Ibeam is larger than Ihold + Itrans,
shown by the magenta stars. This difference is mainly due to
Isec, which varies by roughly 35% during the scan. The amount
of current injected into the capillary, Iinject, which is calculated
from Eq. (20), gives values shown by the horizontal black bars
with the width of the bars indicating the values obtained from
the two equations.
Thus, for the aligned capillary 79% of the incoming beam
was transmitted while 21% was deposited during transport.
When the capillary was rotated by 5◦ a lower transmission
was found, e.g., approximately 53%, meaning more charge
was deposited.
C. Time evolutions of the injected, transmitted,
and deposited currents
The temporal behaviors of the currents entering the capil-
lary, being deposited in the capillary, and transmitted (guided)
through a capillary tilted by 5◦ were studied using an incom-
ing beam intensity estimated to be 30 pA using Eq. (18). This
was done by maximizing the transmitted current through the
rotated capillary after waiting sufficiently long for it to reach
saturation. Then the beam was physically blocked to allow
the capillary to discharge. After readmitting the beam, the
currents impacting and exiting the capillary were recorded
approximately every second. To ensure that the incoming
beam remained stable during this time the upstream beam
current was also monitored, either via a grid placed in the
beamline or by the amount of current on the collimating
aperture.
An example of the temporal behavior of the injected,
deposited, and transmitted currents for a fully discharged cap-
illary is shown in Fig. 6. The measured quantities, shown by
solid lines, are the currents recorded at the capillary entrance
and after transmission, Icenteredhold and Itrans. The incoming beam
current after the collimating aperture (the dashed gray line)
FIG. 6. Time dependences for the various capillary currents fol-
lowing a 20-min discharge time. Data are for 1-keV Ar+ ions and
a capillary rotation of 5◦. The measured quantities were Icenteredhold and
Itrans, (the blue and red solid curves in the online version). From these,
dashed lines show calculated values for the incoming current, ap-
proximately Icenteredhold + Itrans; the current entering the capillary, Iinject;
and the current deposited as the beam transits the capillary, Idep. See
text for details.
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is obtained by Eq. (18). The slight decrease seen is attributed
to the suppression of secondary electrons produced inside the
capillary which are initially lost until the capillary becomes
charged. We estimated that this loss would initially increase
Itrans by approximately 0.07 Iinject. This range is shown by the
horizontal yellow band and is in reasonable agreement with
the data.
The injected current is deduced using (20). In this case, the
injected current, Iinject, is 52% of the capillary holder current
after the transmitted current (the solid red line) has saturated.
Both of these are in accordance with statements above. The
deposited current (the dashed green line) is the difference
between Iinject and Itrans. It is important to note that the absolute
magnitude of Idep depends on our assumption of the amount
of the incoming beam that enters the capillary. Slight changes
in beam focusing or imperfect overlap can change this value,
e.g., increasing or decreasing this fraction by 10% results in
similar, but opposite, changes in Idep and in the relative amount
of the beam that is transmitted. The important information
in Fig. 6 is that for more intense beams initially virtually
all of the incoming current (charge) is deposited, but as time
progresses the transmission of the guided beam increases and
the charging rate decreases.
Using a rotated capillary, Icenteredhold and Itrans currents were
measured as a function of time. This provided information
about the capillary charging rate and the guiding efficiency,
i.e., the “standard” guiding study.
(1) The temporal behavior was studied following different
times during which the incoming beam was blocked. This
provided information about the capillary discharging rates.
(2) The temporal behaviors were studied using a higher
beam intensity, i.e., when the charging rate is comparable
to, or larger than, the discharging rate and when a large
percentage of the injected beam is transmitted through the
capillary, and for much lower beam intensities when the
charging rate is much slower and only a small fraction of the
beam is transmitted.
(3) The temporal behavior was also studied using a low in-
tensity beam and a reversed capillary, e.g., when the entrance
is an insulating surface and the exit, although coated with a
conductive layer, was not in contact with the ground. This was
done to study whether different paths for surface charges to
flow to ground were important.
By combining these pieces of information and a theoretical
model for charging and discharging the capillary (in [26] and
this paper), the capillary charge as a function of time was
determined. Thus, the guiding probability as a function of
capillary charge could also be determined. As a result, it will
be shown that the transmission curves obtained for a wide
range of charging and discharging conditions and for vastly
different injected currents can be brought together to form a
single curve for the guiding probability as a function of the
“effective guiding charge.”
D. Capillary charging and discharging times obtained
experimentally
To obtain information about the capillary charging and
discharging times, the transmitted beam was monitored until
it maximized and remained constant. Then the beam was
prohibited from entering for varying lengths of time (5 to
1000+ s) after which it was readmitted and time scans were
recorded. During the time the beam was absent, the capillary
charge flowed from its deposition region along the capillary
surface and through the bulk, thus decreasing the guiding
field. When the beam was readmitted, any remaining charge
led to some amount of initial ion guiding. Examples of these
data for a larger and smaller beam intensity, Iinject ∼ 12 and
0.26 pA, are shown in Fig. 7. Data are also shown for a small
injected beam intensity but where the “discharge geometry”
has been altered by reversing the capillary such that the
entrance surface is now an uncovered insulator while the exit
has a conductive surface that is not connected to the ground.
With decreasing discharge time there is a systematic in-
crease in the initial amount of the transmitted beam. At the
higher beam intensity, it takes about 15–20 s to produce maxi-
mum transmission through the capillary. Decreasing the beam
intensity by roughly a factor of 50 increases the charging times
by about the same factor. These data show that for our higher
beam intensity approximately half of the incoming particles
are guided through the capillary whereas reducing the beam
intensity appears to significantly reduce the maximum trans-
mission probability. Regarding the maximum transmission
probability, remember that the values shown are subject to our
calculated values for the injected current. This is particularly
important for the reversed capillary situation where no data
FIG. 7. Time dependences of ion transmission through the capillary following different times during which the capillary discharges. Left,
12-pA injected beam; center, 0.26-pA injected beam; right, 0.17-pA estimated injected beam and reversed capillary where the entrance surface
is an insulator.
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FIG. 8. The capillary charge, determined as described in the text,
as a function of discharge time. The open stars are normalized values
of Itrans/Iinject measured just after the beam is reinjected after specific
blocking times, a method used in Ref. [1]. The solid symbols are
determined using Eq. (9), as described in the text. The solid curve
is calculated using the parameters listed and the decay portion of
Eq. (9).
for scans across the capillary entrance were made. For the low
beam current data, the transmitted beam detection efficiencies
that were used also play a role. As seen, although features
such as the maximum fraction of the injected beam that is
transmitted and how rapidly this is achieved differ, in all cases
after a discharge time of a few minutes initially there is little
beam transmission and the curves for particular injected beam
intensities are virtually identical. Thus, within a few minutes
any effective guiding charge or more precisely guiding electric
field has drained away.
To obtain the discharging times from these data, two meth-
ods were used. Initially we followed the procedure used by
Stolterfoht et al. [1] where the decrease in the transmitted
current was plotted versus the discharge time and fitted to an
exponential function. In our case the transmission fractions,
i.e., Itrans/Iinject, just after the beam was readmitted divided by
those before the beam was stopped were plotted versus the
time the beam was absent, i.e., the capillary discharge time.
An example of this where the fractions have been normalized
to an initial capillary charge is shown by the stars in Fig. 8.
This method indicates that there must be a rapid decrease
during the first few seconds (which our experimental method
did not allow us to observe) followed by the slow decrease
seen in Fig. 8. Although not as evident in this set of data,
overall for very long decay times this method indicated either
a plateau, which we interpreted as due to a small portion of the
beam being transmitted via scattering, or a guiding process.
To fit these data, three exponential decays having different
relative magnitudes were required. But, by trial and error,
we found that the growth curves after various capillary decay
times (shown in Fig. 7) could only be brought together to form
a single guiding curve if the dominant exponential decay term
was ignored.
These decay data are also inconsistent with an alternative
method, based on the patch decay model discussed here and
in Ref. [26]. The alternative method consisted of manually
reading the times when each of the growth curves shown in
Fig. 7 has a certain value of Itrans/Iinject. Plotting these times
versus the time the capillary charge was allowed to decay
yielded curves the extrapolations of which determined the
times when the capillary was fully discharged for each value
of Itrans/Iinject, i.e., the infinite decay time for a specific value
of Itrans/Iinject. Then, using the charge deposition portion of
Eq. (9) the amount of deposited charge was calculated for each
decay time used. When subtracted from the time calculated for
an infinite decay time, the amount of charge still remaining
from a previous beam injection, i.e., the first right-hand term
in Eq. (9), was obtained. Plotting these values for the “residual
decaying charge” versus the decay time, i.e., the time that the
beam was stopped plus the manually extracted times, for each
value of Itrans/Iinject and each growth curve, and adjusting the
probabilities, , and surface decay lifetime, τs, to provide the
best visual compression of the data yields information about
the charge patch decay, as shown by the solid symbols in
Fig. 8. For this, we fixed the time constant for the bulk decay
at τb = 270 s and used equal weighting for the dipole and
quadrupole  values.
The example shown is for an injected current of 0.26 pA
where only a small amount of beam is transmitted. This allows
performing the integrations in Eq. (9) analytically as Idep(t),
and hence (t), is a constant. Here our data imply that ∼15%
of the charge patch decays via the monopole term which
is dominated by the bulk decay constant. The vast majority
of the charge patch decays via the dipole and quadrupole
terms by moving radially and longitudinally along the interior
surface of the capillary with a time constant of ∼7 s. These
experimentally derived values are compared with the model
predictions (the solid line) given by the first term of Eq. (9)
where the second term, evaluated at t = ∞, provides values
for the various qm(0) with their sum being approximately 12
pC in the example shown.
Similar procedures were used for our much higher in-
jected beam intensity of 12 pA and for our reversed capillary
configuration where the injected beam intensity was 0.17
pA. For the reversed configuration where again an analytic
integration was possible, τs was ∼7 s while the percentage
of the decay via the monopole and dipole + quadrupole
terms was 5 and 95%. For the 12-pA data where the trans-
mission is significant, a numerical integration was required.
To accomplish this, since the deposited current decreases
rapidly during the first seconds, a fitting procedure of Idep
was used. Here the best values for overall compression of
the data were τs = 4.5 s and decay percentages via the
monopole and dipole + quadrupole terms of 2 and 98%. We
must point out that the quoted lifetimes and percentages are
subject to the model described above. Plus they are slightly
coupled, i.e., changing the fractional percentages influences
the “best” value for τs. However, as will be shown in the
next section, the quoted values and our model are compatible
with experimental data we obtained using a wide variety of
conditions.
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FIG. 9. The guided beam fraction as a function of charge-patch
intensity. The data are from Fig. 7. The monopole-to-dipole ratio
and surface-charge-decay lifetime parameters used in Eq. (9) to
calculate the patch charge, i.e., the guiding charge, are (i) normal
configuration: 0.26 pA, 15/85%, and 7 s; 12 pA, 2/98%, and 4.5 s;
(ii) reversed configuration: 0.17 pA, 5/95%, and 7 s.
Thus, our data corroborate that the guiding field can be ex-
pressed as a sum of exponential functions, where the functions
stand for the monopole, dipole, and quadrupole moment of the
charge patch. Each exponential function has its own relaxation
rate, which is a weighted sum of the bulk and surface relax-
ation rates [26]. This means that an overall exponential charge
decay does not stand for one particular relaxation channel,
but that all three relaxation channels (as defined in section
“Theoretical model”) contribute, with various weights, to
each multipole. This differs from previous theoretical models
[19,40] which assume that two decay rates, one associated
with the capillary surface conductivity and one associated
with the bulk conductivity, combine to form a single overall
charge decay rate similar to our Eq. (12).
Before moving to the next section, some comments re-
garding the present analysis and the work of Stolterfoht
et al. [1] and Giglio et al. [25] where only a single decay
channel appeared to be adequate are in order. In the study
by Giglio et al. only the total charge was monitored, so only
the monopole term is relevant, e.g., our Eq. (12) for the total
charge decay. Stolterfoht et al. used PET nanocapillaries,
which have a bulk conductivity three orders of magnitude
larger than borosilicate. This, combined with the lack of short
decay times in their investigation and the different geometry
for the electric field, may be the reasons why only a single
long-time exponential decay was observed.
E. Probability of guiding as a function of the capillary charge
Using Eq. (9) and the quantities discussed in the previous
section, the guiding probability as a function of residual
patch charge is shown in Fig. 9 for the three configurations
studied. As seen, for the “normal” configuration where the
entrance surface is a conductor connected to the ground the
transmitted beam increases very slowly until the capillary
charge is approximately 10 pC. This is followed by a very
rapid increase in guided current until approximately 60 pC
when a maximum and plateau are reached. As seen, approx-
imately 70% of the injected beam is ultimately transmitted
(guided) through the capillary. Thus, the apparent saturation
plateaus (seen in Fig. 7) for the time dependences for the
low injection currents occur because the deposited charge
is limited by the leakage current rather than an inherent
limitation in the guiding capability of our capillary.
In spite of several approximations and experimental un-
certainties associated with extracting times and performing
a numerical integration for the 12-pA data, excellent com-
pression for the various decay time curves plus continuity
between two quite different injected currents are seen. For the
reversed capillary configuration where the entrance surface is
an insulator, thus providing a longer pathway for the surface
charge to move to the ground, again we see a slow increase
followed by a rapid increase in beam transmission. The major
difference for the reversed configuration is an onset in guiding
for a lower capillary charge. This seems to imply that without
a more direct pathway to the ground less deposited charge
drains away, thus allowing a higher electric field to form,
which is necessary to guide the injected beam through the
capillary. Linear plots of the data in Fig. 9 showed that above
and below the transition between the slow and rapid increase
in guiding, i.e., below and above approximately 15 and 3
pC for the “normal” and reversed configurations, the guiding
fractions scale in a linear fashion with the guiding charge,
i.e., with the guiding field, and that above the transition, i.e.,
when sufficient charge has been deposited to deflect much
of the incoming beam, the “guiding efficiency” is a couple
hundred times better. We note that the transition point is in
approximate correspondence with when our simulations show
the formation of downstream charge patches.
These data also provide information about the “effective”
surface conductivity, i.e., the conductivity modified by any
surface contamination. We found that in the region where the
guiding fraction was rapidly increasing during the first few
seconds, e.g., for the 12-pA data, the compression for the
various decay time curves was quite sensitive to the value of
τs. Since the surface conductivity is inversely proportional to
τs, future carefully performed beam guiding measurements for
such conditions might provide an indirect means of measuring
the effective surface conductivity of whatever capillary is
used. Our presently determined values based on a coarser time
grid and an eyeball determination of the best data compression
yield a value for κs of 2.3 ± 0.5 × 10−16 S for our borosilicate
capillary which is in good agreement with the measurements
of Gruber et al. [13] and more in line with the lower limit
estimate quoted in our simulations discussion.
As a final comment, we note that for both the “normal”
and “reversed” configurations when the capillary charge is
small about 0.02% of the injected beam is transmitted through
the capillary. In the event that this could be due to scattering
processes not associated with the guiding fields we subtracted
a constant background from the growth curves. The question
was whether the guiding charge has a defined threshold fol-
lowed by a rapid increase. After subtraction, no threshold was
found.
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FIG. 10. The probability of guiding for various injected currents large enough to result in blocking. In the left figure, the arrows and the
question mark at the top indicate the approximate times when blocking occurs for injected currents of 40, 86, 49, 35, and 24 pA. The right
figure shows the guiding efficiency vs the capillary voltage. See text for details.
F. Blocking of beam transmission
The final aspect of guiding that was studied is the so-
called blocking phenomenon. This is typically observed for
higher beam intensities as a sudden decrease in transmission,
typically long after the guided beam fraction has saturated. In
a study by Dassanayake et al. [41] using electron beams, the
sudden decrease in transmission was observed to be followed
by a slow recovery, with the cycle eventually repeating. Sev-
eral other studies of blocking have also been performed using
nanocapillaries (see [42–44] and references therein). The only
quantitative study involving macroscopic capillaries that we
are aware of is that of Giglio et al. [25] where they concluded
that when the inside capillary potential becomes large enough
due to the accumulated injected/produced charge the injected
beam is prohibited from entering. Thus, there is no transmitted
beam.
In our model, if we assume that the total capillary charge
decay is dominated by the bulk relaxation rate, i.e., if we
ignore the charge rearrangement and decay processes due to
the surface channel, the temporal dynamics of the total charge
of an initially discharged capillary is given by (12)
Q(t ) 
∫ t
0
Idep(t ′) exp
(
t ′ − t
τb
)
dt ′. (21)
In the case of a stable asymptotic regime, the source term is
time-independent Idep(t ) = I∞dep and the charge tends asymp-
totically to
Q(∞) = I∞depτb. (22)
As stated, the study by Giglio et al. [25] implied blocking
should occur when the capillary potential is equal to that of
the beam. For the current geometry, this means that blocking
will occur when Q = CVs, where C is the capillary capaci-
tance given by C = 2π0r Hln(R2/R1 ) ∼ 4.9 pF and Vs = 1000 V is the
extraction potential for the injected beam. Thus, according to
Eq. (11), blocking will occur whenever
I∞dep 
CVs
τb
∼ 17 pA. (23)
However, for I∞dep = 17 pA, it will take an infinite time for
blocking to occur. But for larger currents, and an initially fully
discharged capillary, blocking should occur at finite times.
These predictions were tested using higher intensity beams
where we tracked the guiding efficiency until blocking ap-
peared to take place. The left part of Fig. 10 shows the results
of these measurements. The vertical arrows indicate where
blocking appears to take place with the 24-pA curve being
uncertain. We note that for these data the asymptotic trans-
mission is roughly 50% of the injected currents listed, thus
Idep∞ ∼ 0.5 Iinj. We deduce from (23) that Coulomb blocking
can be expected for injected currents larger than 34 pA. This
is indeed corroborated by the transmission curves in Fig. 10.
Only Iinj = 26 pA seems to avoid blocking during the obser-
vation time while Iinj = 49 pA already experiences Coulomb
blocking. Without surprise, with even higher injected currents,
blocking appears earlier in time. Integrating numerically (21)
with Idep (t ) = Iinj − Itrans(t ) yields the accumulated charge
Q(t ) in the capillary. Using the capacity C = 4.9 pF of the
capillary allows estimating the time evolution of the average
potential, V (t ) = Q(t )/C, in the capillary. The latter is shown
in the right portion of Fig. 10 for the listed currents and
gives an average “blocking” potential of about 1130 ± 290
V, which, based on single measurements for each injected
current, is comparable to the 1-kV potential of the ion source.
The voltage plot also illustrates that for the 24-pA injected
current the maximum capillary voltage is always less than the
beam voltage; hence no blocking occurs.
Further investigations are needed but such information
is important for practical applications of beam guiding as
such studies provide information about the minimum injected
current needed to maximize the guiding efficiency [approxi-
mately 0.5 pA using the information from Figs. 9 and 10 and
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Eq. (22)] and the maximum injected current to avoid blocking
(approximately 34 pA as stated above).
IV. CONCLUSIONS
A detailed quantitative experimental study of low-energy
ion guiding through a macroscopic glass capillary has been
presented. Experimentally, by scanning the beam across
the capillary entrance and various other measurements, the
amount of beam injected into the capillary and thereby the
amount of this injected beam which deposited on the inner
wall of the capillary generating the guiding electric field
were determined. For higher beam currents it was found
that a large portion of the beam entering the capillary is
guided through. For these higher currents, as the transmis-
sion increases, the amount of current being deposited to the
capillary decreases. For lower beam intensities, the guiding
efficiency was found to be much smaller; thus the amount
of beam being deposited as a function of time is quite
constant.
By measuring the guiding probabilities as a function of
time following different amounts of time when the beam was
prohibited from entering the capillary, information about the
capillary charging and discharging times was obtained. These
data were used to test a recent theoretical model where the
surface charge patches, produced when charge particles are
injected into the capillary, are predicted to decay as a sum
of exponential functions, where the function stands for the
monopole, dipole, and quadrupole angular moments of the
charge patch. The time constants of the exponential functions
were predicted by the model and shown to decrease with
higher angular moment. The present guiding data obtained for
a wide range of experimental conditions were found to be in
excellent agreement with this theoretical model and, although
obtained for a wide variety of conditions, were all consistent
with a single curve of the guiding probability as a function of
the surface charge patch intensity. Thus, the present paper has
shown that for the cylindrical geometry investigated here the
guiding process is controlled by the dynamics of the charge
patches produced on the inside of the capillary rather than
by the total deposited charge. Simulations performed using
this model reveal that the dipole and quadrupole processes
result in a significant amount of the charge patches moving
to the opposite wall of the capillary. This not only depletes the
initially formed charge patch, it also additionally weakens the
guiding field due to the charge patch generated on the opposite
wall. We note that this process is restricted to geometry such
as the capillary used here but will be absent in guiding by
isolated parallel plates.
Quantitative measurements of beam blocking as a function
of injected beam intensity were also performed. By calculat-
ing the capillary voltage from the total deposited charge it was
shown that within experimental uncertainties blocking occurs
when the capillary voltage matches the beam potential, thus
supporting previous work. It was also shown that for injection
currents below a certain value the leakage current restricts
the maximum capillary potential such that no blocking takes
place. Such information is important for design purposes in
practical applications of beam guiding by insulating capillar-
ies.
ACKNOWLEDGMENTS
This work was supported by the Hungarian National Re-
search, Development and Innovation Office (NKFIH) Grant
No. KH126886 and by the Bilateral relationships between
France and Hungary in Science and Technology under Project
No. 2017-2.2.5-TÉT-FR-2017-00008. This work was also
supported by Project International de Coopération Scien-
tifique Hongrie 2018 Grant No. 245 358 and by the Hu-
bert Curien (P.H.C.) Balaton 2018 program, Projects No.
40301VK and No. NKM-116/2018.
[1] N. Stolterfoht, J.-H. Bremer, V. Hoffmann, R. Hellhammer, D.
Fink, A. Petrov, and B. Sulik, Phys. Rev. Lett. 88, 133201
(2002).
[2] T. Nebiki, T. Yamamoto, T. Narusawa, M. B. H. Breese, E. J.
Teo, and F. Watt, J. Vac. Sci. Technol. A 21, 1671 (2003).
[3] S. Das, B. S. Dassanayake, M. Winkworth, J. L. Baran, N.
Stolterfoht, and J. A. Tanis, Phys. Rev. A 76, 042716 (2007).
[4] B. S. Dassanayake, S. Das, R. J. Bereczky, K. Tökési, and J. A.
Tanis, Phys. Rev. A 81, 020701(R) (2010).
[5] A. R. Milosavljevic, J. Jureta, G. Vikor, Z. D. Pesic, D. Sevic,
M. Matefi-Tempfli, S. Matefi-Tempfli, and B. P. Marinkovic,
Europhys. Lett. 86, 23001 (2009).
[6] R. Hellhammer, Z. D. Pesic, P. Sobocinski, D. Fink, J.
Bundesmann, and N. Stolterfoht, Nucl. Instrum. Methods B
233, 213 (2005).
[7] Gy. Vikor, R. T. Rajendar Kumar, Z. D. Pesic, N. Stolterfoht,
and R. Schuch, Nucl. Instrum. Methods B 233, 218 (2005).
[8] M. B. Sahana, P. Skog, Gy. Vikor, R. T. Rajendra Kumar, and
R. Schuch, Phys. Rev. A 73, 040901(R) (2006).
[9] S. Matefi-Tempfli, M. Matefi-Tempfli, L. Piraux, Z. Juhasz, S.
Biri, E. Fekete, I. Ivan, F. Gall, B. Sulik, Gy. Vikor, J. Palinkas,
and N. Stolterfoht, Nanotechnology 17, 3915 (2005).
[10] P. Skog, I. L. Soroka, A. Johansson, and R. Schuch, Nucl.
Instrum. Methods B 258, 145 (2007).
[11] R. J. Bereczky, G. Kowarik, F. Aumayr, and K. To˝kési, Nucl.
Instrum. Methods B 267, 317 (2009).
[12] R. G. Kowarik, R. J. Bereczky, F. Aumayr, and K. To˝kési, Nucl.
Instrum. Methods B 267, 2277 (2009).
[13] E. Gruber, G. Kowarik, F. Ladinig, J. P.Waclawek, D. Schrempf,
F. Aumayr, R. J. Bereczky, K. To˝kési, P. Gunacker, T.
Schweigler, C. Lemell, and J. Burgdörfer, Phys. Rev. A 86,
062901 (2012).
[14] E. Giglio, R. D. DuBois, A. Cassimi, and K. To˝kési, Nucl.
Instrum. Methods B 354, 82 (2015).
[15] G. U. L. Nagy, R. J. Bereczky, I. Rajta, and K. To˝kési, Nucl.
Instrum. Methods B. 354, 328 (2015).
[16] G. U. L. Nagy, I. Rajta, R. J. Bereczky, and K. To˝kési, Eur.
Phys. J. D 69, 102 (2015).
062704-13
R. D. DUBOIS, K. T ˝OKÉSI, AND E. GIGLIO PHYSICAL REVIEW A 99, 062704 (2019)
[17] T. Ikeda, K. Yasuyuki, T. M. Kojima, Y. Iwai, T. Kambara, Y.
Yamazaki, M. Hoshino, T. Nebiki, and T. Narusawa, Applied
Phys. Lett. 89, 163502 (2006).
[18] J. Hasegawa, S. Jaiyen, C. Polee, N. Chankow, and Y. Oguri,
J. Appl. Phys. 110, 044913 (2011).
[19] K. Schiessl, K. To˝kési, B. Solleder, C. Lemell, and J.
Burgdörfer, Phys. Rev. Lett. 102, 163201 (2009).
[20] D. Tomono, T. M. Kojima, K. Ishida, T. Ikeda, Y. Iwai, M.
Tokuda, Y. Kanazawa, Y. Matsuda, T. Matsuzaki, M. Iwasaki,
and Y. Yamazaki, J. Phys. Soc. Jpn. 80, 044501 (2011).
[21] R. D. DuBois and K. To˝kési, Nucl. Instrum. Methods B 279,
186 (2012).
[22] C. Lemell, J. Burgdörfer, and F. Aumayr, Progress in Surface
Science 88, 237 (2013).
[23] N. Stolterfoht and Y. Yamazaki, Physics Reports 629, 1 (2016).
[24] T. M. Kojima, J. Phys. B 51, 042001 (2018).
[25] E. Giglio, S. Guillous, A. Cassimi, H. Q. Zhang, G. U. L. Nagy,
and K. To˝kési, Phys. Rev. A 95, 030702(R) (2017).
[26] E. Giglio, K. To˝kési, and R. D. DuBois, Nucl. Instrum. Methods
Phys. Res. Sec. B (2019), doi:10.1016/j.nimb.2018.12.027.
[27] D. Sekiba, H. Yonemura, T. Nebiki, M. Wilde, S. Ogura, H.
Yamashita, M. Matsumoto, J. Kasagi, Y. Iwamura, T. Itoh,
H. Matsuzaki, T. Narusawa, and K. Fukutani, Nucl. Instrum.
Methods B 266, 4027 (2008).
[28] T. Nebiki, M. H. Kabir, and T. Narusawa, Nucl. Instrum.
Methods B 249, 226 (2006).
[29] N. Fujita, K. Ishii, and H. Ogawa, Nucl. Instrum. Methods B
269, 1023 (2011).
[30] J. Hasegawa, S. Jaiyen, C. Polee, and Y. Oguri, Nucl. Instrum.
Methods B 269, 3087 (2011).
[31] M. J. Simon, M. Döbeli, A. M. Müller, and H. A. Synal, Nucl.
Instrum. Methods B 273, 237 (2012).
[32] Y. Iwai, T. Ikeda, T. M. Kojima, Y. Yamazaki, K. Maeshima,
N. Imamoto, T. Kobayashi, T. Nebiki, T. Narusawa, and G. P.
Pokhil, Appl. Phys. Lett. 92, 023509 (2008).
[33] T. Ikeda, Y. Kanai, Y. Iwai, T. M. Kojima, K. Maeshima, W.
Meissl, T. Kobayashi, T. Nebiki, S. Miyamoto, G. P. Pokhil, T.
Narusawa, N. Imamoto, and Y. Yamazaki, Surface and Coatings
Tech. 206, 859 (2011).
[34] M. Kato, W. Meissl, K. Umezawa, T. Ikeda, and Y. Yamazaki,
Appl. Phys. Lett. 100, 193702 (2012).
[35] E. Giglio, S. Guillous, and A. Cassimi, Phys. Rev. A 98, 052704
(2018).
[36] K. T. Mcdonald, and D. P. Russell, Lecture Notes in Physics
343, 122 (1989).
[37] J. J. Muray, J. Appl. Phys. 33, 1517 (1962); 33, 1525
(1962).
[38] M. Krems, J. Zirbel, M. Thomason, and R. D. DuBois, Rev. Sci.
Instrum. 76, 093305 (2005).
[39] A. Marcak, C. Corbella, Teresa de los Arcos, and Achim von
Keudell, Rev. Sci. Instrum. 86, 106102 (2015).
[40] K. Schiessl, W. Palfinger, K. To˝kési, H. Nowotny, C. Lemell,
and J. Burgdörfer, Phys. Rev. A 72, 062902 (2005).
[41] B. S. Dassanayake, R. J. Bereczky, S. Das, A. Ayyad, K. To˝kési,
and J. A. Tanis, Phys. Rev. A 83, 012707 (2011).
[42] Z. Juhász, B. Sulik, R. Rácz, S. Biri, R. J. Bereczky, K. To˝kési,
Á. Kövér, J. Palinkas, and N. Stolterfoht, Phys. Rev. A 82,
062903 (2010).
[43] N. Stolterfoht, R. Hellhammer, B. Sulik, Z. Juhász, V. Bayer,
C. Trautmann, E. Bodewits, G. Reitsma, and R. Hoekstra, Phys.
Rev. A 88, 032902 (2013).
[44] N. Stolterfoht, P. Herczku, Z. Juhász, S. Kovács, R. Racz,
S. Biri, and B. Sulik, Nucl. Instrum. Methods B 387, 96
(2016).
062704-14
